The aim of this study was to develop a novel method to detect circulating histones H3 and H2B in plasma based on multiple reaction monitoring targeted mass spectrometry and a multiple reaction monitoring approach (MRM-MS) for its clinical application in critical bacteriaemic septic shock patients. Plasma samples from 17 septic shock patients with confirmed bacteraemia and 10 healthy controls were analysed by an MRM-MS method, which specifically detects presence of histones H3 and H2B. By an internal standard, it was possible to quantify the concentration of circulating histones in plasma, which were significantly higher in patients, and thus confirmed their potential as biomarkers for diagnosing septic shock. After comparing surviving patients and non-survivors, a correlation was found between higher levels of circulating histones and unfavourable outcome. Indeed, histone H3 proved a more efficient and sensitive biomarker for septic shock prognosis. In conclusion, these findings suggest the accuracy of the MRM-MS technique and stable isotope labelled peptides to detect and quantify circulating plasma histones H2B and H3. This method may be used for early septic shock diagnoses and for the prognosis of fatal outcomes.
from prolonged sepsis duration 7, 8 . Circulating histones are found in the blood of healthy individuals at low concentrations, but their levels rise mainly in patients who suffer from severe trauma 9 , systemic inflammation 10 , sepsis or tissue damage 11 . It is noteworthy that histone proteins seem to have an interesting cytotoxic potential [12] [13] [14] , which hence worsens the complications inherent to sepsis evolution 15 . However, no definitive consensus has been reached on the specific concentration levels for each histone type in relation to their pathogenicity. Specific histone levels and their capacity to monitor sepsis progression, as well as the correlation with effectiveness of treatments, have never been fully elucidated.
Immunoassays (IAs) run to detect the free histone proteins that circulate in plasma have been formerly used 16, 17 , but the obtained results show poor reproducibility, wide error ranges and low sensitivity 18 . Semi-quantitative IAs also bear many flaws; e.g., poor concordance between assays, differences in reproducibility and variable cross-reactivity 19 . A variety of antigen-antibody interferences can also occur in IAs, which can generate erroneous results and cause clinical side effects due to erroneous diagnosis and inadequate treatments 20, 21 . Replacing IAs with mass spectrometry-based methods could increase the sensitivity and specificity of biomarkers 22 . In line with this, targeted mass spectrometry (MS) with specific heavily labelled Spike-In peptides is an efficient and sensitive approach for protein identification and quantification 23 .
In the present work, we propose a novel method to detect circulating histones H3 and H2B in plasma from septic shock patients with bacteraemia based on multiple reaction monitoring targeted mass spectrometry (MRM-MS). Recently, Kusebauch et al. used this assay to identify and quantify 99.7% of the 20,277 annotated human proteins with high sensitivity and high selectivity by this widely accessible, sensitive and robust targeted mass spectrometry technique: selected reaction monitoring and SIL (spiked-in labelled) proteotypic peptides, which shows the potential of this method 24 .
Our method allows histone quantification using an internal standard and shows strong specificity and sensitivity values.
Results

MRM analysis of H2B and H3.
A selection of histone peptides was firstly assayed to choose the best candidates for the Spiked-In preparations and posterior MRM-MS measures in blood samples. Peptides LLLPGELAK and STELLIR, which respectively derived from the tryptic digestion of purified H2B and H3, were selected upon experimental observations in LC-MS/MS experiments. This is a critical point to design MRM assays because different peptides from the same protein can offer a vast variety of MS responses, and could produce interferences in plasma samples 25 . The unique peptide sequences finally chosen exhibited good chromatographic parameters, optimal ionisation efficiency and high MS/MS quality, and showed large concentration linearity for the signal (data not shown). Both sequences were used to spike the plasma samples from both the septic shock patients and healthy subjects.
General description of cohorts. Ten healthy controls were recruited; their median age was 42 years (20-56) and males accounted for 70%. Cases consisted in 17 patients with a clinical diagnosis of bacteriaemic septic shock. The median age was 67 years (37-85) and male patients accounted for 67% of cases. A median APACHE II score for the septic shock patients was 25 , and the median SOFA score value was 10 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The detailed clinical data from the septic shock patients, subclassified as survivors and non-survivors, is summarised in Table 1 .
Cases included nine (53%) survivors and eight (47%) non-survivors. Both groups had similar demographic characteristics, comorbidities upon admission according to the Charlson Index, and severity. However, non-survivors had a higher mean APACHE II score (Table 1) . No significant differences were noted in both source of infection and the microorganisms identified in blood samples. Initial management was similar in both septic shock patient groups; survivors and non-survivors received intravenous antimicrobial therapy within the first hour of recognising septic shock and fluid resuscitation (initial administration of at least 20 mL/kg of intravenous crystalloids) to improve haemodynamics in the absence of formal contraindication. According to organ support therapy, all the patients needed vasoactive drugs at the beginning (when the septic shock inclusion criteria were considered) and a patient population higher than 50% was treated with corticosteroids, based on a refractory situation, in both groups. In the patients whose lactate levels lowered by more than 10% after fluid resuscitation, mortality was of 27%, with an odds ratio (OR) of ICU mortality of 0.4 (95%CI: 0.16-1.06) for the patients who cleared this metabolite. No difference was observed for median ICU and hospital lengths of stay between both patient groups. Furthermore, non-survivors required mechanical ventilation and renal replacement therapy more than survivors. The patients' blood test results on the first day of ICU stay showed few differences between groups. Inflammatory parameters (white blood cells count, C-reactive protein (CRP) and procalcitonin (PCT) levels) were comparable. Significant differences were observed in lactate levels 6 h after therapy for the prothrombin time and arterial oxygen partial pressure to fractional inspired oxygen (PaO 2 /FiO 2 ) ratio between both groups. Once again this revealed that the worse situation and more advanced organ dysfunction were evident for the non-survivors group.
Circulating histones H2B and H3 as potential biomarkers for the diagnosis and prognosis of bacteraemia septic shock patients. The levels of histones H2B and H3 were quantified in plasma samples by the aforementioned MRM-MS approach using standard curves with different concentrations of recombinant human histone H2B and H3 and stable isotopically labelled peptides, as described in methods section and in supplementary information. We used stable isotopic Spike-In peptides, which are valid for absolute protein quantification 26 and MRM-MS-based assays, which allow histone quantification in complex biological matrices [27] [28] [29] . Therefore, the use of standard curves, stable isotopically labelled peptides and MRM-MS technique was SCIENtIFIC RePoRtS | 7: 10643 | DOI:10.1038/s41598-017-10830-z valid for absolute quantification of circulating histones H2B (supplementary Figure S1 ) and H3 (supplementary Figure S2 ).
For histone H2B, the mean level found in the 10 plasma samples of the controls was 720.15 ng/mL (95%CI: 451.23-989.06), which increased up to 5,843.23 ng/mL (95%CI: 1,891.76-9,794.70) in the patients' 17 plasma samples. The observed differences were statistically significant (p = 0.014), and were even higher for histone H3, where the mean levels were 179.77 ng/mL (95%CI: 7.64-351.89) for the controls and 11,641.33 ng/mL (95%CI: 4,408.04-18,874.62) for the patients (p = 0.004) ( Fig. 1 ).
The levels of histones H3 and H2B in plasma correlated positively with each other, as shown in Fig. 2 . We also calculated separately correlation between levels of histones in both the control (n = 10) and patient groups (n = 17, including survivors and non-survivors). The results observed were also statistically significant. Pearson´s correlation coefficient for controls was r = 0.856, p < 0.0001; and for patients Pearson´s correlation coefficient was r = 0.824, p < 0.0001) (graphics not shown).
We then compared the capacity of circulating histone levels to differentiate the distinct patient subgroups in reference to their final outcome. For the surviving patients (n = 9), the mean level of both histones within the first 24 h in an ICU was significantly lower versus the non-survivors (n = 8) ( Fig. 3) , with up to 10-fold lower values. The mean histone H2B level was 1,351.65 ng/mL (95%CI: 688.01-2,015.28) in the survivors, and 10,106.89 ng/mL Figure 1 . Levels of circulating histones H2B and H3 in plasma from control and septic shock patients. Box and whisker plots represent the H2B and H3 levels in healthy subjects (n = 10) versus the septic shock patients with bacteraemia (n = 17). Boxes denote interquartile ranges, horizontal lines denote medians, and whiskers denote the 10 th and 90 th percentiles. Levels are expressed as ng/mL of H2B or H3 in plasma. Differences between the two groups were compared using a Student's t-test (*p < 0.05; **p < 0.01). (95%CI: 2,076. [16] [17] [18] 137 .62) in the non-survivors (p = 0.043). Similar differences were observed for the histone H3 levels, whose mean values were 2,094.31 ng/mL (95%CI: 660.44-3,528.17) for the survivors and 19,988.56 ng/ mL (95%CI: 5,743.14-34,233.97) for the non-survivors (p = 0.035) ( Fig. 3 ).
Specificity and sensitivity of histones H2B and H3 detected by MRM-MS. A ROC curve analysis
was performed to evaluate the diagnostic power of the levels of histones H2B and H3 as relevant biomarkers to distinguish septic shock bacteraemia cases from healthy controls. The AUCs (areas under ROC curves), standard error, confidence interval (CI), optimal concentration cut-off value, and sensitivity and specificity percentages for each histone are shown in Table 2 .
Although the AUCs for both histones were similar, and the levels of both biomarkers were significantly different between healthy controls and septic shock patients, histone H3 gave higher values for sensitivity and specificity regarding diagnosis. When a concentration of 574.25 ng/mL was taken as the optimal cut-off value for this biomarker, the sensitivity and specificity of the method were 94.1% and 90.0%, respectively.
Circulating histones H2B and H3 and their potential for early outcome predictions of septic shock patients. To examine the potential use of histones in plasma as biomarkers for septic shock prognosis, we built the corresponding ROC curve for each histone. Only cases were selected (n = 17), and the optimal cut-off value, sensitivity and specificity to discriminate between the survivors and non-survivors were calculated for both biomarkers (Fig. 4) . Once again, histone H3 classified better for prognosis: sensitivity was higher (sensitivity = 75.0%, specificity = 88.9%, cut-off value = 7,559.23 ng/mL) compared to histone H2B (sensitivity = 62.5%, specificity = 88.9%, Cut-off value = 4,784.70 ng/mL).
Discussion
Early diagnosis and rapid patient stratification of septic shock may improve patient outcome by redefining specific treatment timely and properly. This is a challenge for ICU practitioners, who require new biomarkers to recognise which patients are susceptible to progress towards a more critical pathological condition. The complexities Figure 3 . Levels of circulating histones H2B and H3 in the plasma of survivor and non-survivor septic shock patients. Box and whisker plots represent the H2B and H3 levels in the survivors (n = 9) versus the nonsurviving septic shock patients with bacteraemia (n = 8). Boxes denote interquartile ranges, horizontal lines denote medians, and whiskers denote the 10 th and 90 th percentiles. Levels are expressed as ng/mL of H2B or H3 in plasma. Differences between both groups were compared using a Student's t-test (*p < 0.05). of the sepsis pathophysiology and septic shock, and their many pathological consequences, are the reasons why neither clinical nor biological biomarkers have proven highly accurate to predict adverse outcomes 30 . MRM-MS is a potential methodology for both biomarker discovery and biomarker validation. This method also provides enough sensitivity and accuracy to validate clinical biomarkers as it does away with the need for further discovery and validation methods 31 . Plasma is a source of biomarkers for diagnostic assays, but is also a challenging biological matrix for proteomic studies because of the wide dynamic range of proteins present in this fluid 32 . Monitoring a single transition per peptide has been proposed as being sufficiently specific for peptide quantitation in complex mixtures such as plasma 33 . Classical biomarkers do not add more information than generic scores to predict outcome in septic patients 34 , and the future treatment of sepsis requires finding new biomarkers that are sensitive, specific and economically affordable.
The overwhelming immune response to infection can release histones into the bloodstream by several mechanisms. Firstly, to fight infection by a mechanism called NETosis. During this process, histones, nucleosomes and other nuclear components are produced by neutrophils in a regulated process that leads to the formation of NETs (Neutrophil Extracellular Traps) 35 . Moreover, histones can be released as a result of endothelial damage 18, 36 by inducing apoptosis of neutrophils and other immune cells 11 , which contributes to generate a vicious circle.
Toxicity for all histone types has been described, but some related data are controversial. Abrams and collaborators obtained similar cytotoxicity results for both inter-linker histone H1 and core H2A, H2B, H3 and H4 histones 37 , while other authors found higher cytotoxicity for H3, H4, and for H2B in some cases rather than H2A 36, 38 . Furthermore, histones mediate apoptosis of cells in the lymphoid compartment, including the thymus 39 , spleen 40 , and blood 41 . In particular, H4 has been proposed to be the main histone that drives lymphocyte apoptosis. Increased circulating levels of this histone have been related to cellular injury and inflammatory responses observed in human sepsis have also been associated with sepsis-related organ dysfunction 42 . Other studies have identified histone H3 and nucleosomes in plasma from septic patients 36, 43, 44 . Recently, histones have been proposed as the main mediators of cardiac injury in septic shock patients 45 . Cytotoxicity of histones is, however, poorly understood, and data on the molecular details of affected pathways are lacking. In line with this, the TLR4 receptor has been shown to be involved 42 , and we recently described the impairment of vasoactive mediators in endothelial cells as a result of presence of extracellular histones 46 .
Besides histone type, immunoassays have provided different levels of circulating histones in sepsis, but previous studies have never been able to provide a tight range of concentrations that can be considered cytotoxic. In order to identify a sensitive and specific method to quantify circulating histones in plasma samples, we developed an MRM-MS based method that uses Spiked-In peptides LLLPGELAK and STELLIR to detect H2B and H3 histones, respectively.
The present method allows the prediction of the outcome of septic shock patients within the first 24 h of being admitted to an ICU using MS to detect circulating histones as biomarkers for the first time. In this study, the non-survivor patients presented more organ failure (refractory shock, hypoxia, coagulopathy and need for RRT) than the survivors did, as well as significantly higher levels of H3 and H2B in plasma. These findings agree with previously reported results, and provide evidence that plasma histone levels (measured by IA) are associated with sepsis-related organ dysfunction 42 . Hence the present work can contribute to the current clinical approach with more severely and critically ill septic patients by allowing a rapid, novel and accurate measurement of histones at the bedside with prognostic implications.
Despite having developed a novel method, some limitations should be considered, mainly regarding clinical validation. First of all, although the cohort's sample size may be small for prognostic implications, it can be considered a pilot study of a subset of more severe septic patients (septic shock with bacteraemia), but one that differs from previous studies in that it analyses a larger sample size, but in a highly heterogeneous group (septic population) 8 . Secondly, we employed a control group of healthy volunteers, as previously used by other authors 45 , but it would probably be better in terms of acquiring more information for diagnosis purposes to compare the cohort with critically ill non-infected patients, as in a previous study by Ekaney et al. 42 . Lastly, we think that histone content evolution values in a short lapse follow-up could provide us with more prognostic information, but the optimal time frame must be firstly elucidated.
In conclusion, presence of both histones H3 and H2B in plasma can be used for clinical purposes by establishing a specific concentration range by a new spectrometry mass method to be used as a first triage criterion when patients arrive at an ICU. Moreover, they would become valuable prognostic biomarkers of septic shock progression towards a fatal outcome.
Methods
Selecting patients and controls. We selected 10 healthy subjects as the control group, and applied the same exclusion criteria as the patients (see below). The control plasma samples were obtained from INCLIVA's Biobank. For the case group, we included the first 17 consecutive patients with a clinical diagnosis of septic shock upon admission to a medical ICU of the Clinical University Hospital of Valencia (HCUV) (east Spain), and subsequently confirmed bacteraemia (microbiological blood positive culture at 48 h). The exclusion criteria were: i) patients with a life expectancy under 24 h; ii) patients beyond the age range of 18-85 years; iii) patients with an active neoplastic process or treated with antioxidants; iv) patients with a stay in hospital ward prior to ICU admission longer than 24 h or were transferred from another hospital; v) surgical patients. Those patients in a post-cardiopulmonary resuscitation state, or with suspected viral infection, as well as pregnant women and patients who did not provide consent, were excluded. Both patients and controls were enrolled. Informed consent was obtained from all the participants. All the experimental protocols and methods were carried out after obtaining approval from the Biomedical Research Ethics Committee (CEIC) of HCUV. All methods were performed in accordance with the relevant guidelines and regulations.
Blood collection. Peripheral blood samples were collected using EDTA tubes in both healthy controls and patients. In the latter, blood samples were collected within the first 6 h after being admitted to an ICU. Each sample was centrifuged at 2,500 rpm for 10 min at room temperature (RT) to separate plasma. Then aliquots were stored at −80 °C until used in the MRM-MS experiments.
Sample preparation. Protein content was measured by the Bradford method (Bio-Rad, Hercules, CA, USA). Firstly, 1 µL of plasma was diluted in 20 µL of a 1:1 ammonium bicarbonate 0.1/trifluoroethanol solution. For each 1 µg of protein content, 300 fmols of both heavy-isotope labelled peptides were added (SpikeTides TM TQL: STELLIR for H3; LLLPGELAK for H2B were prepared as heavy-isotopically labelled proteotypic peptides that terminate with a C-terminal heavy Arg: 13 C6, 15 N4; Lys: 13 C6, 15 N2) (JPT Peptide Technologies, Berlin, Germany).
Then cysteine residues were reduced by adding 10 mM of D-L-dithiothreitol at 56 °C for 30 min. The sulfhydryl groups were alkylated with 14 mM of iodoacetamide in the dark at RT for 30 min. The excess was neutralised with 10 mM of D-L-dithiothreitol in 50 mM of ammonium bicarbonate at a final volume of 100 µL for 30 min at RT. Samples were subjected to trypsin digestion with 1 μg of sequencing grade-modified trypsin (TCPK Trypsin-ABSciex) overnight at 37 °C. The reaction was stopped with trifluoroacetic acid (TFA) at a final concentration of 1%. Samples were dried using speedvac and were resuspended in 50 µL of 0.1% TFA. Peptides were concentrated and purified using ZipTip C18 Tips (Merck Millipore, Darmstadt, Germany). Finally, samples were diluted in 2% acetonitrile (ACN) and 0.1% formic acid (FA) for injections.
Linearity assessment for Spiked-in peptides. First of all, commercial purified human histones H3 and H2B (EpiGex, Illkirch, France) were trypsinised and analysed using LC-MS/MS_DDA in a 5600 triple TOF (ABSciex, Framingham, MA, USA) to identify those unequivocal peptides with a good signal. From the different fragmentation spectra (MSMS), peptide precursors and fragment ion masses were selected for H3 and H2B to be analysed by MRM-MS. The MRM parameters were optimised in a 5500 QTRAP instrument (ABSciex) by the MRM-PILOT software (AB Sciex) to determine the declustering potential (DP) for each peptide and dwell time (DT) and collision energy for each transition (CE). Afterwards, histone-derived peptides with a large number of detectable transitions, high sensitivity and a wide linear dynamic range were chosen to perform the MRM-MS experiments. The selected peptide sequences (STELLIR for H3; LLLPGELAK for H2B) were used for absolute quantification purposes.
MRM-MS.
The MRM experiments were performed in a 5500 QTRAP hybrid triple quadrupole/linear ion trap mass spectrometer (ABSciex), equipped with an Eksigent 1D + plus NanoLC chromatographic system. Tryptic digest (1 µg of protein and 300 fmol of each Spike-In peptide) was injected into a NanoLC trap column, 3 µ C18-CL (Eksigent, Dublin, CA, USA), and was then separated by RP-HPLC in an analytic NanoLC column 3 µ C18-CL, 15 cm (Eksigent). Chromatography was performed with solvent A (0.1% FA) and solvent B (100% ACN, 0.1% FA) as the mobile phase using a linear gradient (70 min from 2% B to 50% B) at a 300 nL/min flow rate. MRM data were acquired in the positive mode with a spray voltage of 2800 V, curtain gas: 20 psi, ion source gas: 20 psi, interface heater temperature: (IHT) 150 °C, DP: 80, entrance potential (EP): 10, exit potential: (EXP) 15, and a pause time of 3 ms. Collision energy (CE) was 26 V and 23 V for LLLPGELAK -LLLPGELA[K] and STELLIR -STELLI[R], respectively. Transitions (9 for STELLIR and STELLI[R]; and 12 for LLLPGELAK and LLLPGELA[K]) were monitored using Unit Resolution in both quadrupoles Q1 and Q3, and 40 ms of dwell time (DT) for each one.
A data analysis was done and the area ratios (light/heavy) for all the transitions were calculated using the Analyst ® 1.5.2 and MultiQuant ® 2.0.2 software (ABsciex).
The H2B and H3 histone levels were estimated based on the average ratio obtained for peptides LLLPGELAK and STELLIR. The final concentrations of H2B and H3 in plasma were calculated from the average signal peak sample/signal peak Spike-In ratio using standard curves constructed by the use of plasma samples from a control individual as complex matrix, increasing concentrations of recombinant human histone H2B and H3, and Spike-In peptides (300 fmol) described above. Standard curves were prepared representing the light-to-heavy (L/H) ratio versus concentration of histones H2B and H3 (fmol). The amount of protein in fmol for each plasma sample was obtained by interpolating L/H ratio for each sample analysed in the standard curve to obtain the concentration of each circulating histone in fmol (see supplementary information). Afterwards, the concentrations of H3 and H2B were obtained by referring the result to the total protein concentration in plasma and the molecular mass (Mr) of the targeted proteins (Mr 13,906 Da and 15,404 Da for H2B and H3, respectively).
Statistical analysis.
The socio-demographic and clinical baseline characteristics of the participants were expressed as continuous variables, with normal distribution expressed as the medians and ranges, means ± standard deviations and categorical data, presented as counts and proportions. For the univariate analysis, differences in clinical data were analysed by the Student's t and chi-square tests. The concentration of histones H2B and H3 were compared by a Student's t-test. The correlation between the H2B and H3 levels was assessed using Pearson's correlation.
The threshold levels of histones H2B and H3 to be used as biomarkers for the diagnosis and prognosis of septic shock were calculated by a Receiver Operating Characteristic (ROC) curves analysis. p values of < 0.05 were regarded as being statistically significant. All the analyses were conducted by SPSS, v. 20 (IBM Corporation, Armonk, NY, USA).
